This review celebrates the adaptation studies published in Vision Research during the past half a century, and it is thus a complement to the anniversary issues which are focusing on more recent work (Vision Research, 51(7 and 8), 2011). Throughout the text, the discussion often starts out from a work presented in Vision Research, but the discussion is not restricted by the journals used for publication. To date, in Vision Research alone, around 500 papers related to light/dark adaptation have been published; this review tries to follow up just a few discussions within the field of vertebrate dark adaptation. The main topics are: (1) the legacies of Wald and Barlow; (2) the Dowling-Rushton relation between regenerated rhodopsin and log threshold; (3) the mechanisms behind fast cone-driven and slow rod-driven dark adaptation; and (4) the role of the decomposition products of photoactivated rhodopsin. This review, and the scientists given leading roles in the story, have been guided by an interest in visual psychophysics, combined with a conviction that we need a thorough understanding of the information processing carried out by the photoreceptors and the neural retina for obtaining a correct understanding of the further analysis performed by the brain.
Introduction
This paper celebrates the 50th anniversary of the journal Vision Research, and describes the history of concepts, hypotheses and experimental results in the field of vertebrate light and dark adaptation. The text starts from the first volume of the journal, published in [1961] [1962] . That was also the time when the author of these lines first read the journal, and made his first extracts of visual pigments. I did that as an undergraduate student in Helsinki, hired by Kai Otto Donner (Ã1922-1995 who previously worked with Granit in Stockholm and Rushton in Cambridge, UK (Kai Otto Donner & Rushton, 1959) . There is some overlap between the present text and the adaptation review written by Green for the 25th anniversary issue of Vision Research, ''The search for the site of visual adaptation'' (Green, 1986) . However, our texts largely reflect different aspects of adaptation, and thus I think that they nicely complement each other.
The term ''dark adaptation'' usually stands for the slow recovery of visual sensitivity following the cessation of intense illumination removing a significant fraction of the visual pigment. This type of dark adaptation was a favorite topic during the 20th century, probably because it is a striking phenomenon the physiological basis of which can be studied by using both psychophysical and electrophysiological methods, supplemented by recordings of rhodopsin regeneration (Dowling, 1960; Granit, Munsterhjelm, & Zewi, 1939; Peskin, 1942; Tansley, 1931; Wald, Brown, & Smith, 1955 ). This slow process, which for rod photoreceptors requires many minutes, differs from the rapid adjustments our visual system makes all the time to modest changes in the level of ambient illumination. We may refer to the latter phenomenon as background adaptation or light-adaptation (Crawford, 1947; Lamb, 1990) . Toward the end of this review, I will deal with cone adaptation to bright light.
Since the end of the 19th century it has been known that dark adaptation mechanisms should be looked for in the eyes, rather than in the brain. The main evidence for that has been that exposing only one eye of a dark-adapted person to strong light decreases the sensitivity of the exposed eye, but not that of the shielded eye. Another early insight was that dark adaptation of man and most other vertebrates occurs in two phases, a rapid first phase based on cone photoreceptors, followed by a slower phase based on rods (Kohlrausch, 1922) . In man, the cone phase is finished in about 5-8 min, while the recovery of rod sensitivity, following a more or less complete bleaching of rhodopsin, needs about 40-50 min for completion. This has been shown for instance by the classical dark adaptation experiments of Hecht, Haig, and Chase (1937) (Fig. 1) .
Most dark adaptation experiments, also those of Hecht et al., have avoided the effect of dilating pupils by using artificial apertures. In the human eye the diameter of the pupil varies between 2 and 8 mm, a range allowing for a 16-fold change in area, and about 1 log unit of dark adaptation (Dowling, 1987, p. 187) . In many mammals, for instance seals which need fast adaptation when diving, pupil dilations may account for over 2 log units (Hanke & Dehnhardt, 2009; Levenson & Schusterman, 1997) . However, the experiments described in this paper usually avoid pupil effects and other very fast adaptation mechanisms.
Visual excitation
One cannot describe the mechanisms of visual adaptation without referring to the molecular mechanisms of visual excitation, and thus I start with rhodopsin, a rod visual pigment having a broad absorption spectrum peaking at about 500 nm. During the 1950s painstaking work in the Harvard laboratory of Wald and Hubbard clarified that the primary event, and the only purely photochemical event, in the excitation of rods and cones is a photoisomerization of the retinoid chromophore of the pigment molecule, from 11-cis retinal to an all-trans configuration (Hubbard, 1956; Hubbard & Kropf, 1958; Hubbard & Wald, 1952; Wald, Brown, & Gibbons, 1963; Wald, Durell, & St. George, 1950) . It was also shown that all-trans retinal is not immediately detached from its protein (opsin) partner; instead the detachment proceeds through a long and relatively slow chain of intermediate bleaching products which first were described entirely on the basis of their absorption spectra. Today these products are called metarhodopsin I (peaking at 480 nm), meta-II (380 nm), and meta-III (470 nm) (Baumann, 1972; Baumann & Bender, 1973; Bowmaker, 1973; Cone & Cobbs, 1969; Dartnall, 1957; Kai Otto Donner & Reuter, 1969; Lythgoe & Quilliam, 1938; Matthews et al., 1963) .
A separation of retinal from opsin is necessary for exposing the chromophoric site and thus enabling regeneration of rhodopsin from ''free opsin'' and newly provided 11-cis retinal (Bownds, 1967; Paulsen et al., 1975) . After separation from opsin all-trans retinal (380 nm) is enzymatically reduced to all-trans retinol (vitamin A, abs. max. 330 nm), transported to the pigment epithelium behind the neural retina, enzymatically converted to 11-cis retinal in the pigment epithelium, and then returned to the rod photoreceptors in the neural retina (Dowling, 1960; Hubbard & Colman, 1959; Reuter, White, & Wald, 1971; Wald, 1935) . The isomerization of 11-cis retinal to the all-trans configuration was one of the first demonstrations of a purely steric change of a molecule producing dramatic physiological effects. The next step was to suggest that the isomerization was followed by a rearrangement of the whole opsin molecule exposing active sites triggering visual excitation (Hubbard, Brown, & Kropf, 1959) .
Since the time of Hecht, Shlaer, and Pirenne (1942) , it has been known that 10-20 flash-activated rhodopsin molecules within a restricted retinal area containing thousands of rods can produce a visual sensation in man. From that, it follows that a dark-adapted rod can be activated by a single photon. Wald presented two hypotheses for how such an impressive amplification may occur (Wald, 1956; Wald, Brown, & Gibbons, 1963) . The first hypothesis proposes that the structural modification of rhodopsin initiated by the isomerization of the chromophore converts the opsin molecule into an active enzyme initiating a chain-reaction and a cumulative enzyme cascade. Today we know that this first hypothesis is basically correct: a photoactivated rhodopsin molecule, for less than a second stabilized as Metarhodopsin II Ã , activates many G-protein (transducin) molecules each of which activates one phosphodiesterase molecule which hydrolyzes many cGMP molecules (Angel, Kraft, & Dratz, 2006; Burns & Baylor, 2001; Stryer, 1986) . Metarhodopsin II occurs in several spectrally identical forms; the active form Metarhodopsin II Ã is stepwise transformed to several more or less efficiently inactivated derivatives (see below).
The second hypothesis focuses on the hundreds of rhodopsincontaining membranous disks, or flattened sacs, filling a rod outer segment (ROS), and proposes that an isomerization and structural change may punch a unimolecular hole in the disc membrane, and in case that the membrane separates fluids with different ion compositions, the hole may permit a flow of electrical charges and thus produce a membrane potential change. Today we know that light absorbed by vertebrate photoreceptors changes the membrane potential, not by opening ion channels but by closing them, and that these channels are situated in the outer cell membrane, not in the disc membranes (Fesenko, Kolesnikov, & Lyubarsky, 1985) .
The paper by Fesenko et al. brought to an end 15 years of intense discussions between two parties, one related to Wald's second hypothesis, and stressing evidence for intracellularly released Ca ++ -ions driving photoreceptor excitation (Yoshikami & Hagins, 1973) , while the other stressed the interaction of photo-activated rhodopsin with various enzyme systems driving the cyclic nucleotide cascade (Bitensky, Keirns, & Wagner, 1973; Miller, 1982; Miller, Gorman, & Bitensky, 1971; Pober & Bitensky, 1979) . Kühn and his colleagues described a protein kinase phosphorylating bleached rhodopsin (Kühn, Cook, & Dreyer, 1973) , and in his paper ''Lightand GTP-regulated interaction of GTPase and other proteins with bovine photoreceptor membranes'', Kühn (1980) presented results and concepts dominating the early phototransduction discussion. Today we know that the primary role of calcium ions is in providing a powerful local negative feedback loop (Fain et al., 2001; Pugh & Lamb, 1990) , and the role of G-proteins in a number of physiological excitation cascades is well established (Stryer, 1986) .
The light-induced closing of cationic channels leads to current changes in and around the cells, changes which are accompanied by photoreceptor hyperpolarization, not depolarization as for many other activated sensory receptors. The hyperpolarization was first reported by Bortoff (1964) and Tomita (1965) ; (see also Bullock, 1964 , reporting on the work of Tomita). The light-induced photoreceptor hyperpolarization was a sensation in the early 1960s, and the follow-up, that photoreceptors release synaptic transmitter molecules in darkness but decrease the release in light was equally exciting news (Byzov & Trifonov, 1968; Hagins, Penn, & Yoshikami, 1970) . The biological role of this apparent inversion was soon understood as we realized that reacting to a sudden shadow may be more important for a fish or tadpole than reacting to increasing brightness (Reuter, 1969, pp. 51-52) .
3. Dark adaptation 1960 -1961 In 1960 -1961 .e. at the time when the first volume of Vision Research appeared, the discussion concerning visual dark adaptation often focused on two important studies. The first was that of Fig. 1 . Classical human dark adaptation curves. Threshold for detection of a test flash is plotted on a log 10 scale, against time after bleaching, for bleaches at five levels (each of 2 min duration). The uppermost curve depicts adaptation after an almost total bleach of rhodopsin, the lowermost one after a bleach of roughly 1% or 2%. Reproduced from Hecht, Haig, and Chase (1937) . Note that the unit of retinal illumination, the troland, was in those days termed the ''photon''. Dowling (1960) who studied the dark adaptation of albino rats. He assessed the gradual recovery of responsiveness to a weak test flash following a 30 min exposure to bright white light, by measuring the flash intensities required to evoke an electroretinogram (ERG) response, whose b-wave component was of fixed tiny (i.e. threshold) magnitude. He found that complete recovery of sensitivity, i.e. a complete return of b-wave threshold to its minimal, fully darkadapted level, required about 100 min in darkness. In parallel experiments, the total amount of rhodopsin per eye was extracted and measured at defined times during the recovery period ( Fig. 2A) .
From 3 min to 100 min in darkness, sensitivity increased by 3.5 log units, i.e. about 3000 times, and during the same period the amount of recovered rhodopsin increased by a factor of 25 from roughly 4% of the dark-adapted level, to 100%. The relation between sensitivity and rhodopsin was found to be logarithmic, i.e. the logarithm of the electroretinogram threshold decreased in strict parallelism with the rise in rhodopsin concentration. Most remarkable, the relation between rhodopsin content and log threshold in these dark-adapting rats was very similar to that found in night blindness produced by vitamin A deprivation (Dowling, 1960; Dowling & Wald, 1958) (Fig. 2B) .
The second influential paper, or rather series of papers, were published by Rushton. Together with several colleagues, Rushton had developed a method for measuring the amount of rhodopsin in a living mammalian retina. Using blue-green flashes entering the pupil, they were able to measure the minute fraction of light reflected from the fundus, back through the rods, and out from the pupil. They could also confirm that, especially in dark-adapted eyes, a significant fraction of the incident light was absorbed by rhodopsin in the retina, i.e. the relative intensities of the reflected light pulses were lowest for blue-green (500 nm) radiation where rhodopsin absorption is peaking (Rushton et al., 1955) .
By applying this ''reflection densitometry'' to human subjects, Rushton was able to record the accumulation of intact rhodopsin following an extensive bleach, and relate it to the decreasing visual thresholds recorded in parallel psychophysical tests. Exactly as Dowling had reported, he found that the log threshold decreased in parallel with the rise of rhodopsin (Fig. 3) (Rushton, 1961a (Rushton, , 1961b ; see also Weale, 1962) . Thus this empirically confirmed parallelism was generally referred to as the Dowling-Rushton relation.
An approximate correspondence between rising rhodopsin concentration and rising logarithmic sensitivity (i.e. decreasing logarithmic threshold) had earlier been noted by Wald (1954) who suggested a qualitative hypothesis explaining this non-linear relation; as rhodopsin in rod outer segments is sequestered in hundreds of distinct compartments (membrane sacs), it is conceivable that the whole of such a compartment may become refractory whenever one pigment molecule within it is bleached, and then stay inexcitable until all rhodopsin within the unit is restored. Thus, a large rise of threshold is achieved with a very modest bleaching, exactly as had been observed by Granit, Holmberg, and Zewi (1938) . , 1961-1968 The elegant adaptation studies carried out by Wald, Dowling, Rushton, and their colleagues, greatly inspired the visual commu- The relation between rhodopsin content in the rat retina and log threshold, in rats darkadapted for various time (open circles), and rats night-blinded due to vitamin A deficiency (filled circles). In both cases the same relationship is observed. Reproduced from Dowling (1960, Figs. 2 and 3) . . Reflection densitometry combined with psychophysically recorded thresholds (of a cone-deficient subject) reveals that log threshold decreases in parallel with the rise of rhodopsin. Regeneration of rhodopsin in a normal subject (right ordinate, open circles), and in a subject with normal rod function, but seriously deficient cone vision (right ordinate, filled circles). Left ordinate: dark-adaptation curves of a subject with normal vision (dashed line), and of a cone-deficient subject (noisy and interrupted curve). The rhodopsin regeneration was similar in both subjects (although with some scatter probably due to fixation problems for the cone-deficient one). The cone deficiency made it possible to record rod-mediated log thresholds from an early stage of dark adaptation. The curve describing the recovery of rod-driven log thresholds over 7 logarithmic units approximately fits the linear (i.e. non-logarithmic) recovery of rhodopsin. Reproduced from Rushton (1961b, Fig. 1 ). nity, and the first volumes of the journal Vision Research contained many papers that presented supporting experimental findings or offered alternative explanations. Wald (1955) had already 6 years earlier found support for his view that visual pigment regeneration must be of crucial importance for dark adaptation (even though a large reduction of sensitivity can be observed following a minimal pigment reduction) by noting that cone adaptation is much faster than rod adaptation, exactly as the synthesis of the chicken cone pigment iodopsin (in extracts of opsin and 11-cis retinal) is much faster than the corresponding synthesis of chicken rhodopsin. This point was further corroborated by in vivo experiments in a study showing that the cone-like ''green rods'' (peaking at about 435 nm) of the frog retina have a much faster sensitivity recovery and visual pigment regeneration than the scotopic red rods (Kai Otto Donner & Reuter, 1962; Reuter, 1966) . Similar in vivo results were obtained in man when Rushton (1965a) and Rushton and Henry (1968) , applying reflection densitometry to the human fovea, noted that human cone pigments regenerate faster than the rhodopsin of human rods, quantitatively fitting the different rates of cone-and rodmediated dark adaptations.
Dark adaptation theories scrutinized in Vision Research
The first volume of Vision Research included an important theoretical analysis called ''The mechanism of dark-adaptation''. The authors, Bouman and ten Doesschate (1962) , listed five components which may contribute to dark adaptation, and started by making a clear distinction between two photoreceptor components. Firstly the simple increase of photon absorption caused by increased levels of rhodopsin; only photons absorbed by a visual pigment can contribute to vision, and consequently this component was called ''photochemical''. And secondly a ''neural receptor component'' which determines the efficiency of the processes initiated by the absorbed photons. The authors suggested that the gain of the latter process may be weaker in a light-adapted than in a darkadapted photoreceptor, in full agreement with subsequent direct recordings of intracellular potential changes in single turtle photoreceptors (Baylor, Hodgkin, & Lamb, 1974) , and of membrane current responses in single toad rods (Baylor, Lamb, & Yau, 1979) .
Thus we may remove the obvious photon absorption effect from the Dowling-Rushton results, and focus on retinal amplification of photon signals by expressing sensitivity in terms of absorbed quanta rather than incident quanta at threshold. Doing that we found that the data points no longer fitted a simple logarithmic Dowling-Rushton relation. The three remaining components listed by Bouman and ten Doesschate are all assumed to be ''neural''. The first two of them are temporal and spatial summation, respectively, of photon signals. These summations were assumed to increase during dark adaptation, and would thus contribute to recovery of sensitivity. These effects are well-known today (Aho et al., 1993; Kristian Donner, 1981a , 1981b Haldin et al., 2009) , and were partly known already at the time of the Bouman and ten Doesschate paper (Barlow, Fitzhugh, & Kuffler, 1957) . The fifth component assumed that a threshold response requires a ''minimum number of quanta absorbed'' (within a given time window and retinal area). Obviously this number may change in case the single photon responses decrease or increase in amplitude.
Certainly the most prophetic, and possibly in the long run the most influential dark adaptation paper published in Vision Research in the early 1960s was that by Barlow (1964) . He suggested that the elevated thresholds observed following light exposure are caused by the receptors becoming noisy, rather than by weakening of their responses, and that the presence of bleached visual pigment molecules would cause the receptors to show effects similar to those induced by light, even when they are in total darkness. This idea goes back to Stiles and Crawford (1932) and Crawford (1947) , who pointed out that an efficient way to characterize a number of (psychophysically established) changes observed during dark adaptation is to assume that the preceding light adaptation has left a trace in the form of a slowly fading ''equivalent background light''. Thus Barlow directed the focus from the amount of intact rhodopsin remaining to the amount bleached. The effect of bleached rhodopsin, or ''naked opsin'', was later quantitatively analyzed by Pepperberg et al. (1978) . Later in his paper Barlow notes that a significant response attenuation must occur, considering the enormous range of intensities involved in vision. It is obvious that without reduction of response amplitude, the whole signaling system would saturate at an early stage during increasing illumination.
This Barlow (1964) paper is still well worth reading. It includes a well-balanced and very thorough review of earlier dark adaptation research. He discussed the compartment hypothesis introduced by Wald (1954) for explaining the logarithmic relation between rhodopsin and sensitivity, and lists a number of observations being difficult to reconcile with this hypothesis. Finally, Barlow presented his own noise hypothesis which preceded experimental verification by more than 15 years. The ideas presented by Bouman and ten Doesschate (1962) and Barlow (1964) were soon applied in four frog dark-adaptation papers investigating the regeneration of rhodopsin and the dark adaptation of frog retinal ganglion cells, following extensive bleaching in white light (Kai Otto Donner & Reuter, 1965 , 1968 Reuter, 1966 ; see also Peskin, 1942) .
Rod adaptation deduced from ganglion cell thresholds
Kai Otto Donner and Reuter studied rod dark adaptation by recording ganglion cell spike responses, and response thresholds, in isolated and opened frog eyes. It was of course risky to deduce rod sensitivity from cell responses originating 2-3 synapses afferent from the photoreceptors. Perhaps not, however, more so than deducing rod sensitivity from psychophysical thresholds (Rushton, 1961b) . Small stimulus spots were used to exclude the effects of increasing spatial summation caused by changed receptive field properties (increasing temporal summation was not considered). In the frog (Rana temporaria), both rhodopsin regeneration and threshold decrease continue for about 180-200 min ( Fig. 4A and B). Including both cone-and rod-driven adaptations, the total range covered 6-7 log units (Fig. 4B , uppermost curve), and could be divided into four parts. The first was cone-driven, lasted about 15-20 min, and ended at a kink where the rods took over. The initial rod-driven phase was fast and ended about 40 min after the start of dark adaptation. The remaining 160 min could be divided into two phases, first a slow threshold decrease between 40 and 80 min, and then a somewhat faster extended adaptation lasting to the end of adaptation. Interestingly enough, the slow threshold decrease at 40-80 min coincided with the fastest period of rhodopsin accumulation, and the final and somewhat faster recovery coincided with a continuously decreasing rate of rhodopsin synthesis.
These observations of frog dark adaptation could not be reconciled with the logarithmic Dowling-Rushton relation, and this disagreement was discussed in some detail. The result could, however, be understood following another line of reasoning. If thresholds were expressed, not in terms of light flux reaching the retina, but as photons actually absorbed by rhodopsin, the intermediate phase with slow threshold decrease between 40 and 80 min became a sensitivity plateau (broken line in Fig. 4B ). The broken line is obtained by ''correcting'' for the sensitivity increase resulting directly from increased photon capture by new rhodopsin, and by the withdrawal of black melanin pigment from the receptor interspaces. The latter effect was photochemically measured (Bäck, Kai Otto Donner, & Reuter, 1965) , and corresponds to the gradual removal of a neutral filter of density 0.5 between 40 and 80 min. Regeneration of frog (Rana temporaria) rhodopsin following an extended and strong bleach of excised and opened eyes at 13-14°C. Filled circles: averages with bars marking 2Â the standard error of the mean. Open circles: single experiments using hydroxylamine preventing regeneration in vitro in the rhodopsin extracts. Abscissa: time after finishing an extended and strong light exposure. Ordinate: optical density, a measure proportional to the rhodopsin content in retinal extracts. Reproduced from Reuter (1966, Fig. 2 ). Opened eyes of this type were also used for recording the ganglion cell thresholds presented in (B). (B) Response thresholds (one or a few spikes) of single extracellularly recorded retinal ganglion cells; both during dark adaptation following an extended and strong bleach (uppermost curve, open circles), and following a sudden 6% rhodopsin bleach (lowermost curve, open circles). The middle curve marked with dots and a broken line is obtained by ''correcting'' the uppermost curve by ''filtering out'' the threshold rise resulting directly from increased photon capture by new rhodopsin, and by the withdrawal of black melanin pigment from photoreceptor interspaces (Bäck, Kai Otto Donner, & Reuter, 1965) . The latter effect was photochemically measured and corresponds to the gradual removal of a neutral filter of density 0.5 between 40 and 80 min. Reproduced from Kai Otto Donner and Reuter (1967, Fig. 1 ). (C) Dark adaptation functions of two ganglion cells, one at 7°C (upper part) and another at 15°C (lower part), following bleaches of both 3% and 6% of total rhodopsin (filled and open circles, respectively). At both temperatures the rate of threshold recovery fits the rate of metarhodopsin decay (curves). Reproduced from Kai Otto Donner and Reuter (1967, Fig. 9 ).
Inspired by Barlow's noise hypothesis, Kai Otto Reuter (1965, 1967) suggested that the synthesis of rhodopsin, from opsin and 11-cis retinal, may produce a threshold-raising noise. This could explain why sensitivity is constant during a phase of constant regeneration rate, and increases as soon as regeneration slows down. The idea that 11-cis retinal struggling into the chromophoric site may produce noise is not absurd (see Kefalov, Crouch, and Cornwall (2001) , and the final paragraph of Section 22), but later work has not revealed any clear regeneration-produced noise.
Another hypothesis introduced by Kai Otto Donner and Reuter (1967) has, however, gradually received increasing support. In situ photometry on isolated frog retinas suggests that the first fast roddriven recovery 25-40 min after the start of dark adaptation, may be related to the decay of bleaching products, most probably the decay of an inactivated form of metarhodopsin II which follows the shortlived and maximally active metarhodopsin II Ã (Fig. 4C ). This hypothesis derived from the observation that the time course of ganglion cell dark adaptation, following 2-12% rhodopsin bleaches, fits the time course of metarhodopsin II decay, and that both processes are similarly affected by temperature (Kai Otto Donner & Reuter, 1967 , 1968 , 1969 , and further from the observation that the threshold-rising effect hypothetically related to metarhodopsin is restricted to the rods that contain the substance (Kai Otto Donner & Reuter, 1968, Fig. 8) .
The idea of a role of metarhodopsin in dark adaptation was originally inspired by an article published by Monod, Changeux, and Jacob (1963) suggesting that steric changes of proteins, such as those proposed to happen during the sequence of metarhodopsin transformations (Matthews et al., 1963) , may transform them to efficient metabolic regulators. The Monod et al. paper was published the same year as the metarhodopsin paper of Matthews et al., and the connection was not far-fetched. The most convincing evidence supporting a role of metarhodopsin was probably that the dark adaptation of Crucian carp ganglion cells is much slower than the corresponding adaptation in the frog, in perfect agreement with the slow metarhodopsin decay in the carp (Kai Otto Donner, 1973; Kai Otto Donner et al., 1974) . One serious problem remained, however; the relation between metarhodopsin II and threshold seemed to be logarithmic, exactly as the Dowling-Rushton relation, and no mechanistic explanation for a logarithmic relation was at hand.
Neural adaptation and molecular models 1963-1972
In the 1960s Dowling and his colleagues studied different components of rat and frog ERGs, and their relation to photochemical and neural changes. Using intact albino rats, Dowling (1963) measured rhodopsin content and dark adaptation following light exposures of a wide range of intensities. Over a 4-5 log unit intensity range above ERG threshold, a 5 min light exposure produced no measurable loss of rhodopsin, and the threshold recoveries were fast. With stronger light exposures, the reduction of rhodopsin was significant and the sensitivity recovery slow. Dowling summarized the results as follows: ''These experiments show that we can distinguish two mechanisms that operate during dark adaptation, one rapid, and the other slow''. ''The slow component of dark adaptation is clearly related to the rhodopsin concentration in the eye. What the fast component of dark adaptation is related to is not so clear. Adaptation in the eye not related to the visual pigment level is usually referred to as neural adaptation, and we use this term here. This, however, is not a specific term and does not clarify what such mechanisms might be''.
Weinstein, Hobson, and Dowling (1967) carried out similar experiments, but now with isolated rat retinas in which no regeneration occurred and no slow adaptation component was observed.
In agreement with previous experiments carried out by Dowling, the authors found that the relation between rhodopsin remaining after bleaching, and log sensitivity, is logarithmic. Frank and Dowling (1968) , also working with ERG-sensitivity of isolated nonregenerating rat retinas, complemented the experiments with spectrophotometric monitoring of the formation and decay of metarhodopsins. Their conclusion was that, after the completion of neural adaptation, the rod threshold is simply determined by the fraction of intact rhodopsin, and not by metarhodopsin II.
In a study discussing ERG-recorded a-and b-waves, and ganglion cell thresholds, Dowling (1967) speculated that reciprocal synapses between bipolar cell synapses and amacrine cells (Dowling & Boycott, 1965) may regulate sensitivity by forming a feedback system controlling the signal flow through the retina. Interestingly enough, the need for a non-linear filter and threshold control at the bipolar cell level has since been repeatedly stressed (Baylor, Nunn, & Schnapf, 1984; Field & Rieke, 2002; Sampath & Rieke, 2004) . Frank (1971) studied frog ERG thresholds, both b-waves and the isolated PIII component (as described by Granit (1933) ). In Frank's paper, the distal PIII component of the ERG was taken to reflect rod photoreceptor activity (Brown, 1968) . However, later work revealed that the PIII potential, although ultimately driven by rod activity, arises in more proximal cells, probably in the Müller (glial) fibers (Dowling, 1987, pp. 175-177; Witkovsky, Dudek, & Ripps, 1975) . Irrespectively of the exact nature of the potential, Frank (1971) could use it for monitoring rod activity and measure thresholds following bleaches of different strengths. Frank isolated the PIII component ''by perfusing one side of the retina (usually the receptor side) with low concentrations of ammonia vapor''.
It turned out that, in these non-regenerating retinas, the ''neural adaptation'' following 40-70% bleaches had a time constant of about 10 min. The adaptation curves were not, however, as temperature-sensitive as the ''metarhodopsin adaptations'' studied by Kai Otto Reuter (1967, 1968) , and thus he concluded that they, although probably rod-based, are not related to the decomposition of rhodopsin photoproducts. Ernst and Kemp (1972) used an approach similar to that of Weinstein, Hobson, and Dowling (1967) , Frank and Dowling (1968), and Frank (1971) , and studied the dark adaptation of the PIII component of rat ERG, and related it to the decay of metarhodopsins. However, differing from the above authors, they were ''able to correlate the growth of PIII with the disappearance of long-lived intermediate products of rhodopsin decomposition''.
Function remains although threshold changes
Retinal electrophysiology changed dramatically in the years 1967-1974 when improved intracellular recording techniques combined with electrode marking and precise intracellular staining allowed a functional and morphological characterization of the main retinal neurons Kaneko, 1970; Kaneko & Hashimoto, 1967 , 1968 . Our understanding of photoreceptor excitation and adaptation was also radically improved through the intracellular recordings and analyses carried out by Baylor and Hodgkin (1973) , and Baylor, Hodgkin, and Lamb (1974) , in a number of now classic studies.
Many important aspects were revealed by the improved intracellular recording techniques, among them the general consequence, for visual performance, of a given increase or decrease of ''sensitivity''. Besides threshold response amplitude and kinetics, several other response characteristics, as the entire stimulus/response function and the contrast sensitivity, were changed as a result of adaptation to new levels of ambient illumination (Fain, 1976; Kleinschmidt & Dowling, 1975; Normann & Perlman, 1979; Normann & Werblin, 1974) . Byzov and Kuznetsova (1971) pointed out that human psychophysical stimulus/response functions, and similar electrophysiologically recorded response functions of turtle and frog neurons, are displaced along the luminosity abscissa so that the contrast sensitivities (of the cells and the animals) remain maximal around the ambient intensity level. And equally important, the cells retain their ability to respond well to both increasing and decreasing light levels (Fig. 5) .
The horizontal cell data in Fig. 5 were obtained from transient response peaks at ''on'' and ''off'', and they show a regular displacement of the stimulus/response function along the luminosity abscissa. In the same study Byzov and Kuznetsova (1971) recorded potentials during the plateaus (lasting 2-3 s) following these fast transients, and found that both hyper-and depolarizations returned toward a common resting level. This type of adaptation or response compression during a continuous stimulus is characteristic of almost all sensory systems; cells and animals react to changes and are not reliable instruments for monitoring absolute energies. A reduced voltage range, i.e. a response compression, was also noted by Kleinschmidt and Dowling (1975) , recording flash responses of single Gecko photoreceptors, first in the darkadapted state and later against 4 log units of background illumination. Against the strongest background, less than 10% of the voltage range remained. Similar results were obtained by Hemilä (1977) who measured aspartate-isolated rod responses in the isolated frog retina over a 4 log unit range of background illumination. Hemilä analyzed the results in terms of a model, and noted that the displacement of the operating curve during background adaptation was such that the rods approximately obeyed Weber's law.
Thus, in photoreceptors and horizontal cells, background adaptation affects the stimulus/response functions in two ways; firstly, the whole stimulus/response curve is displaced along the luminosity abscissa, and secondly, the range of response amplitudes is compressed. Response compression affects of course also the signal transfer from rods to horizontal, bipolar and ganglion cells; only the fast initial phases of rod responses are efficiently transmitted (Belgum & Copenhagen, 1988; Copenhagen, Hemilä, & Reuter, 1990) , wile later components are compressed. Methodologically, the response compression is important as it contributes to threshold elevation (sensitivity reduction) when a fixed absolute amplitude of the response is used as the measure of threshold.
The spike-generating mechanism of retinal ganglion cells is less affected by response compression; the spike responses of mammalian ganglion cells show a regular shift of the stimulus response curve along the abscissa, with no apparent response compression when a background is imposed (cat: Sakmann & Creutzfeldt, 1969; rat: Green & Powers, 1982) . Thus, our experience that the world looks similar despite huge changes of absolute light levels, is based on the neuronal network of our retina. The final result of the retinal processing seems to be that, at the out-put stage, the responses shift their working range, without much amplitude reduction (Lamb, 1990; Shapley & Enroth-Cugell, 1984) .
Rod dark adaptation and metarhodopsin decay; intracellular recording
Using the new intracellular recording techniques and cell identifications, Grabowski, Pinto, and Pak (1972) studied rod dark adaptation in the isolated retina of the axolotl (Ambystoma mexicanum). Although no pigment regeneration was observed following a 45% bleach, they found that the rod sensitivity increased by at least 3-4 log units before stabilizing at about 1.5 log units below the dark-adapted sensitivity (i.e. 1.5 log units above the absolute threshold). They concluded that a substantial portion of the fast Fig. 5 . Efficient visual adaptation implies that the whole stimulus/response curve is ''horizontally displaced'' in relation to illumination, and that the sensitivity remains high around the ambient intensity level. The figure presents response characteristics of a single intracellularly recorded turtle horizontal cell exposed to four different illuminations (marked by four vertical lines) covering 2.7 log units of ambient light intensity. Decreasing ambient light depolarizes the cell which, however, always tends to remain responsive to both increasing and decreasing light. Ordinate: membrane potential in mV. Abscissa: log light intensity in lux; 0 corresponds to 400 lux at the retina, i.e. the highest ambient intensity used. The solid lines with black symbols mark transient responses to 2-3 s stimuli (on-and off-peaks responding to increased or decreased light levels, in relation to the current ambient intensity). For all curves the points of intersection with corresponding vertical axis show the membrane potential at respective intensity level. Thus, for the rightmost curve at log I = 0 (400 lux) the membrane potential is about À43 mV, and for the leftmost curve at log I = À2.7 the membrane potential is about À16 mV. Modified from Byzov and Kuznetsova (1971, Fig. 7 ).
or ''neural'' adaptation takes place in the photoreceptors. They also found that, during a dark adaptation lasting about 30 min, log thresholds smoothly decrease in parallel with decreasing absorbance at 400 nm (the absorbance peak of metarhodopsin II in the porphyropsin retina of the axolotl).
In a later and more complete paper by Grabowski and Pak (1975) , the conclusion was slightly different: ''After bleaching 10% or less of the rod pigment, the kinetics of both recovery of log threshold and decrease in absorbance at 400 nm (metarhodopsin II + free retinal) could be described by two concurrent first-order processes having similar time constants. However, after bleaching more than 10% of the rod pigment, changes in sensitivity and absorbance did not follow parallel time courses''. Also Kai Otto Donner and Hemilä (1979) , measuring aspartate-isolated rod potentials, found that, after bleaching more than 10%, threshold recovery no longer followed photoproduct decay.
Looking for a pure rod retina
In the rat retina, about 1% of all photoreceptors are cones (Szél & Röhlich, 1992; Walls, 1934) , and the spectral sensitivity of strongly light-adapted rats is determined by cones (Deegan & Jacobs, 1993) . Thus, when exposures to strong light raise the threshold of a rat by 6 log units, there is an obvious possibility that thresholds are conedriven. Skates (Raja erinacea and Raja oscellata), on the other hand, seem to have all-rod retinas, and may thus be ideal for experiments testing the relation between rhodopsin photoproducts and rod sensitivity (Brin & Ripps, 1977) . In an extensive study, including both retinal spectrophotometry and monitoring the P III-component of the ERG, Brin and Ripps described the decay of metarhodopsin II and III in the skate retina, and the relation between this decay and log thresholds. The authors summarized the results as follows: ''Contrary to the results obtained in frog (Frank, 1971) , the temporal course of receptor adaptation was clearly affected by changes in temperature. In addition to slowing the decay of the late photoproducts, lowering the temperature of the perfusate delayed the onset of dark adaptation''.
However, the rates of photoproduct decay and skate dark adaptation were separated by an addition of 2 mM hydroxylamine, which is known to efficiently decompose metarhodopsins. As compared to measurements obtained in normal Ringer solution, hydroxylamine greatly accelerated metarhodopsin decay, but had, according to Brin and Ripps (1977) , no significant effect on the rate of dark adaptation. An important aspect of the hydroxylamine experiment carried out by Brin and Ripps was their observation that this drug which efficiently removes all metarhodopsins did not result in a complete dark adaptation down to an absolute threshold close to the dark-adapted level. Even with a 50% bleach one would expect a threshold rise of only 0.3 log units, but Brin and Ripps (1977) noted a remaining threshold elevation of about 3 log units.
This observation supports the notion of a threshold-rising effect of ''naked opsin''. Pepperberg and colleagues used the aspartateisolated rod potentials of skate retinas for an important analysis of the threshold-elevating role of ''free'' opsin, and the sensitivity-restoring effect of 11-cis retinal (Pepperberg et al., 1978) . They found that a 40% rhodopsin bleach permanently elevated the rod threshold by 2.7 log units (although 60% of the rhodopsin remained intact). However, an addition of 11-cis retinal resulted in rapid rhodopsin regeneration, and a virtually complete recovery of sensitivity, thus demonstrating a direct link between rhodopsin regeneration and the recovery of sensitivity of the photoreceptor response itself.
Inspired in part by earlier psychophysical studies of the effect of bleaching on rod increment thresholds (Blakemore & Rushton, 1965b; Crawford, 1947) , Clack and Pepperberg (1982) examined how the bleaching-induced elevation of rod threshold interplays with threshold elevations produced by background light, and found that the bleaching effect operates in a manner consistent with a residual ''dark light''. The Clack and Pepperberg (1982) and Pepperberg (1984) studies proposed that related photochemical processes govern the stable levels of photoreceptor sensitivity exhibited by the isolated retina during steady illumination and during long periods after bleaching (see also Jones, Cornwall, & Fain, 1996) . Transient metarhodopsin-produced desensitizations and background-produced threshold rises seem also to be directly additive; similar log threshold rises are observed, both when a 2% bleach transiently desensitizes a fully dark-adapted retina, and when it rises the threshold from a background-elevated sensitivity level (Donner & Reuter, 1968, Fig. 2 ).
The spread of excitation and adaptation
By studying the spread of excitation and adaptation, horizontally within the retina, and vertically along the rod outer segments, we may gain information about constraints limiting possible adaptation mechanisms; an efficient horizontal spread of bleach-induced desensitization would indicate that dark adaptation is not a process restricted to photoreceptor physiology but a process involving a wide region of the neuronal network. Rushton (1965b) introduced the idea of an ''adaptation pool'' being different, both regarding extension and mechanism, from the ''summation pool'' of the same dark-adapted (human) retina. Referring to psychophysical threshold data he concluded that ''the full receptive field of the adaptation pool is far larger than the summation pool''. He measured thresholds for detecting a stimulus grating on a stationary background grating, both when the gratings were fully superimposed (in phase), and when they were out of phase, and he found that, up to relatively coarse gratings, those out of phase are as efficient as those being in phase, and concluded that the effect of a background spreads up to approximately 30 min of arc in the visual field, corresponding to 0.150 mm horizontally in the retina (Millodot, 1982) . Note, however, that such experiments are difficult to carry out (mainly due to saccadic eye movements). Barlow and Andrews (1967) , basically repeating Rushton's experiments, reached very different results; they found that the scotopic thresholds vary at least threefold with relative phase, being lower when the bright bars of the test grating fell on dark bars of the background. They found an efficient horizontal spread over only about 5 arcmin (0.025 mm). And more relevant for the topic of the present paper, Andrews and Butcher (1971) measured thresholds upon bleached striped patterns (instead of the striped background illuminations discussed above), and followed the subsequent dark adaptation. They found strongly elevated thresholds only when tests were superimposed upon bleached stripes.
Amphibian and reptile rods are known to form networks of electrically coupled cells, and thus stimulus-induced hyperpolarizations readily spread to neighboring rods (Copenhagen & Owen, 1976; Fain, 1975; Schwartz, 1975) . Using this observation, Copenhagen and Green (1985) studied the spatial spread of desensitization in the rod network of the snapping turtle. They found that the adaptive effect of a stationary slit declines much more rapidly with distance than excitation. In fact its spread matched that of light scatter from the slit. Thus, in the human and frog retinas, the desensitization produced by photoproducts seems to be restricted to the bleached rods (Andrews & Butcher, 1971; Kai Otto Donner & Reuter, 1968, Fig. 8) , and in the turtle, even the adaptation produced by a stationary background has a very restricted spread.
Logically, the next question concerned the longitudinal spread of desensitizing signals along the rod outer segment. Kai Otto Don-ner and Hemilä (1978) , investigated the effect of very weak background illumination on (aspartate-isolated) rod responses in the frog retina, and found that a background isomerizing only 0.4 rhodopsin molecules s À1 /rod can affect the increment threshold. From that they calculated that the threshold-raising effect of a single photo-isomerization must spread longitudinally over about 10% of the outer segment which seems to imply a diffusible transmitter. Similar observations were done, and conclusions made, for toads (Bastian & Fain, 1979; Kristian Donner, Copenhagen, & Reuter, 1990, p. 739; Lamb, McNaughton, & Yau, 1981) and turtles (Copenhagen & Green, 1985) , and it seems that these observations place strong constrains on the hypotheses of how rod sensitivity is regulated (Baylor & Lamb, 1982) . Fain et al. (2001) suggested that a change in concentration of freely diffusible Ca ++ -ions may contribute to the longitudinal spread of desensization. Hemilä and Reuter (1981) compared the effects of homogeneous bleaches (and stimuli) of the whole ROSs, with bleaches concentrated on the distal tips of the rods, and confirmed a longitudinal spread of at least 10%. In addition they found that the sensitivity-reducing effects of bleaches are much more pronounced in the distal than in the proximal parts of the ROSs. Similar observations were made by Baylor and Lamb (1982) studying the effects of well defined local bleaches of single toad rods. These observations by Hemilä and Reuter, and Baylor and Lamb, can now be understood in the light of new experiments with isolated salamander rods: coenzyme produced in the rod inner segment is partly consumed during its diffusion toward the distal tip of the ROS. Thus the lack of coenzyme seems to delay sensitivity recovery in the distal part of the ROS (see below, Section 15, Miyagishima, Cornwall, & Sampath, 2009 ).
The noise predicted by Barlow enters the scene
Besides predicting a relation between photoreceptor noise and dark adaptation, Barlow (1956) also predicted that the absolute threshold of vision, i.e. the threshold one can measure in absolute darkness when no previous bleaching is responsible for reduced sensitivity, may be determined by a continuous intrinsic noise forming an absolute limit for sensitivity. Later Barlow postulated a noise consisting of random thermal rhodopsin isomerizations, i.e. ''dark'' photonlike noise events (DPNEs) impossible to discriminate from a background of real diffuse light (Barlow, 1964) . This idea gained overwhelming credibility when Ashmore and Falk (1977) found direct evidence for this type of rod noise in intracellular recordings from dogfish bipolar cells, and when Baylor, Matthews, and Yau (1980) , studying single-photon responses in toad rods, also noted the occurrence of DPNEs. In addition to these observations made in unbleached rods, Lamb (1980) observed that bleaches of just 1% or 2% of the rhodopsin induced a dramatic increase of a rod noise apparently stemming from a manyfold accumulation of DPNEs. A similar bleach-induced noise was seen in dogfish bipolar cells (Ashmore & Falk, 1981) . These observations supported Barlow's prediction from 1964, and nicely fitted the classic observation that, during recovery from bleaching, one can observe several visual phenomena being equivalent to the effects produced by steady illumination (Barlow & Sparrock, 1964; Stiles & Crawford, 1932) .
What about the logarithmic Dowling-Rushton relation?
In 1981 Lamb published an important Vision Research paper called simply ''The involvement of rod photoreceptors in dark adaptation''. The paper was based on his own noise recordings, and on accurate psychophysical studies carried out by Pugh Jr. (1975) . Lamb noticed that the problematic logarithmic relation observed by Dowling and Rushton can be replaced by linear segments by assuming that typical dark adaptations following both small and extensive bleaches can be seen as the result of three partly overlapping linear relations in combination with a final stage where the sensitivity asymptotically approaches an absolute threshold determined by dark noise events. In fact, large segments of published dark adaptation curves are well fitted by a linear relation between log threshold and time in darkness, as expected for exponential processes (Blakemore & Rushton, 1965a; Dowling & Ripps, 1970; Nordby, Stabell, & Stabell, 1984) . Lamb (1981) also presented a hypothetical mechanism behind these segments of linearly decreasing log thresholds. His model assumes that the effects of bleaching intermediates are exerted through reverse reactions in the chain of photoproduct inactivation. The scheme begins with rhodopsin, Rh, and a series of intermediates where S 0 is the substance which activates the light response and S 1 , S 2 and S 3 are the substances which cause the three components of equivalent background. The model supposes that the decay processes in the intermediate sequence are reversible, and that the formation of S 0 , whether by light or by reverse reaction from S 1 , triggers the transduction process and a thresholdelevating ''equivalent background light''. S 0 in this scheme corresponds to Metarhodopsin II Ã , before its inactivation by phosphorylation and arrestin-binding, and is the molecule most efficiently activating transducin (Hofmann, 1986; Stryer, 1986) . The model was further developed by Leibrock, Reuter, and Lamb (1994) and Lamb and Pugh (2004) . Hecht, Haig, and Chase (1937) , Dowling (1960) , Rushton (1961b) and Kai Otto Donner and Reuter (1967) had described the time-coarse of dark adaptation as being curved when plotted in semi-logarithmic coordinates (Figs. 1, 2A, 3 and 4C ). Lamb's suggestion of replacing these curved functions with three linear recovery phases implied that the ''logarithmic'' adaptation in fact represents the sum of a number of different processes, i.e. the logarithmic Dowling-Rushton relation may not represent just a single unknown mechanism. However, Lamb's straight lines do not contradict the fact that there is, for large bleaches, a dramatic non-linearity in the relation between threshold elevation and amount of pigment bleached (Lamb & Pugh, 2004, p. 331) .
Starting with Lamb's Vision Research paper in 1981, an increasing number of scientists realized that the Dowling-Rushton relation is an empirical observation of an approximate correlation which provides no mechanistic explanation. However, while not describing the dynamic process of an ongoing dark adaptation (including the removal of metarhodopsins), the relation permits the comparison of steady states following bleaches of different strengths, and has a physiological meaning as a measure of the threshold-elevating effect of ''naked'' opsin (Jones, Cornwall, & Fain, 1996, Fig. 2 ).
Neural adaptation 1975-1990
Perhaps the most obvious and best understood form of neural adaptation was for a long time the reorganization of the ganglion cell receptive field so that the excitatory center becomes dominant in relation to the inhibitory surround. In dark adaptation experiments where thresholds are monitored using large stimulus fields, this was seen as a sudden drop of threshold, following release from lateral inhibition (cat: Barlow, Fitzhugh, & Kuffler, 1957; frog: Donner & Reuter, 1965) . Troy, Oh, and Enroth-Cugell (1993) have summarized later work concerning the effect of light/dark adaptation on the organization of cat retinal ganglion cells, and present a quantitative model for the center-surround organization of cat Y-ganglion cells. Comparing photopic (cone-dominated) and scotopic (rod-dominated) conditions they found that the surround is indeed slightly weakened by lowering the ambient illumination.
Kristian Donner (1981a Donner ( , 1981b Donner ( , 1987 , recording frog ganglion cell responses during dark adaptation, suggested that the sudden drop of threshold reported by Kai Otto Donner and Reuter (1965) does not necessarily imply a change in neuronal connections. This sudden decrease in threshold may rather be a consequence of different latency relations between inhibitory and excitatory inputs at different stages of adaptation; toward the end of dark adaptation when the retina is sensitive and the intensities of threshold stimuli low, the excitatory signals seem to be faster than the inhibitory signals. The consequence of such a change is that, while small stimulus fields not affecting the inhibitory surround are most efficient early during dark adaptation, toward the end of adaptation maximum sensitivity is observed by using large stimuli. An additional aspect of the ''taking over'' by an excitatory mechanism is related to increased statistical variation at the end of dark adaptation. When thresholds are very low and both excitatory and inhibitory inputs are driven by just 15-30 photons, we may observe ''postinhibitory responses'' based simply on the statistical fluctuation of excitatory and inhibitory inputs (Kristian Donner, 1981a) .
Another aspect of ''neural adaptation'' and photon noise is seen in background adaptation and increment threshold functions. When the intensity of a background field is increased step-wise from a level below absolute threshold, no immediate influence upon the increment threshold is observed. As the background is further increased, clearly above the level of the ''dark'' photon-like noise, the increment threshold first rises following a ''square root law'' (Barlow, 1957 (Barlow, , 1965 , is similar to the frequency of DPNEs, i.e. the ganglion cells in the toad retina start to ''feel'' the background when the rate of ''discrete events'' (DPNEs + photoisomerizations) is doubled, but long before the rod sensitivity is affected (Copenhagen, Kristian Donner, & Reuter, 1987; Donner, Copenhagen, & Reuter, 1990) . Apparently the situation is similar in man (Barlow, 1965; Baylor, Nunn, & Schnapf, 1984) .
An initial ''square root'' region in the increment threshold curve is expected when the cells operate at similar signal/noise levels, both in darkness and against weak backgrounds (Barlow, 1957) . As the background is further increased, we reach the Weber region where the intensity of the stimulus needed to reach threshold is proportional to that of the background (Barlow, 1965) . The three increment threshold phases described by Barlow are clearly seen in electrophysiological recordings from the all-rod retina of the skate (Dowling & Ripps, 1977, Figs. 10 and 11) . For three types of post-receptoral responses, ERG b-waves, proximal negative responses (PNRs) and ganglion cell discharges, Dowling and Ripps observed a clear square root phase over 4 log units of background illumination, and at higher background levels, a Weber region (Fig. 6) . However, in comparable experiments recording skate photoreceptor potentials, Green et al. (1975) observed only a Weber region and no preceding square root phase (Fig. 6, dashed line) . This indicates that the square root region indeed reflects a true neural adaptation in the proximal retina (Dowling & Ripps, 1977, Fig. 11) .
Following the interpretation of Barlow, it was later suggested that such square root regions may be a product of a noise-driven mechanism carried out by the proximal retina, i.e. a neural adaptation that acts to keep the sensitivity at a level where the ganglion cell spike discharges signal stimulus deviations (from a mean luminance level) of constant statistical significance (Kristian Donner, Copenhagen, & . The exact relations between the three increment threshold phases, in a particular animal species, are dependent on temperature, number of visual pigment molecules per rod, and possible electronic interphotoreceptor coupling, and thus we cannot quantitatively relate the skate data of Dowling and Ripps (1977) to the toad data of Kristian Donner, Copenhagen, and , nor to the similar frog results of Reuter, Donner Kristian , and Copenhagen (1986) .
Bleaching products raise thresholds via two different mechanisms
With the intention of learning more about the bleach-induced noise described by Lamb (1980) , Leibrock, Reuter, and Lamb (1994) initiated, in the early 1990s, an investigation of the recovery of single toad rods in suction pipettes, following exposure to light flashes bleaching 0.02-3% of the rhodopsin. The frequency of DPNEs were calculated from power spectra, both in fully darkadapted rods and at different stages following the bleaching flash. In addition, the amplitude and kinetics of true photon responses were monitored, making an estimation of sensitivity recovery possible (Fig. 7) .
An important development, in relation to the original observations by Lamb, was that this investigation enabled the authors to relate, both increased frequency of DPNEs, and desensitization, to the corresponding effects of real light. Surprisingly enough, they found that the ''desensitization equivalent intensity'' was at least 20 times higher than the ''photon-noise equivalent intensity'', i.e. desensitization during recovery was much stronger than predicted from the frequency of DPNEs. This finding, in combination with an improved understanding of the rod activation cascade (Chabre, 1985; Lamb & Pugh, 1992; Pepperberg, 1984; Stryer, 1986) , led to a modification of the original Lamb model. In its new version, the model proposes that the photoproducts can activate transducin in the phototransduction cascade through two pathways, either via already inactivated rhodopsin photoproducts flipping back to S 0 (Metarhodopsin II Ã ), or through a direct and continuous activation of transducin. The S 0 -producing process is rare but produces distinct DPNEs (Fig. 7) , while the continuous activation is running Fig. 6 . Increment threshold functions derived from electrophysiological responses in the skate retina: ERG b-wave, ganglion cell discharge, and the proximal negative response (PNR), as shown by symbols in the figure. Threshold response criteria were 10 lV for the ERG b-wave, one or two spikes for the ganglion cells, and a justdetectable response of approximately 10 lV for the PNR. The b-wave and the ganglion cell responses were elicited with a 1 s full field stimulation, the PNR with a 0.25 mm spot. Ordinate: log increment light stimulus. Abscissa: log background light. The dashed line illustrates receptor potential and horizontal cell data obtained in an earlier study (Green et al., 1975) . Reproduced from Dowling and Ripps (1977, Fig. 11 ).
''on low heat'' all the time without producing discernible events; however, ''gutta cavat lapidem, non vi sed saepe cadendo'' (the drop of water hollows a stone, not by force, but by continuously dropping) and thus the continuous process can be 20 times more effective.
A satisfying aspect of the new version of the model (Leibrock, Reuter, & Lamb, 1994 , was that it contributed to a unification of the two dark adaptation traditions, the opsin tradition and the metarhodopsin tradition, by noting that not only metarhodopsins, but also later protein photoproducts, among them ''naked opsin'', can activate the excitation cascade (Cornwall & Fain, 1994; Fain et al., 2001; Jäger, Palczewski, & Hofmann, 1996; Melia et al., 1997; Okada, Nakai, & Ikai, 1989; Pepperberg et al., 1978) .
The above model from 1994 was soon supported by an instructive hydroxylamine experiment. Leibrock and Lamb (1997) studied the recovery of toad rods (with their inner segments in suction pipettes) following small bleaches of 0.2-3% of the rhodopsin. Ten to seventeen minutes after the bleach, i.e. during the recovery, the rod outer segments were exposed to pulses of 110 mM hydroxylamine, a drug speeding up the decomposition of metarhodopsins. As a result of these pulses, the rate of DPNEs rapidly returned to their pre-bleach level. This observation is clearly consistent with the idea that the DPNEs appear as a result of a reversal of metarhodopsin inactivation. The reversibility of the meta-I , meta-II transition was shown already by Matthews et al. (1963) , and the fact that the same applies to the meta-II , meta-III transition was clearly demonstrated in an elegant study published by Chabre and Breton (1979) . They studied the effects of sudden ''pH jumps'' in suspensions of frog rod outer segments oriented in magnetic fields, and noted fast spectral shifts consistent with meta-II , meta-III transitions.
Additional support came from a microspectrophotometry study of the kinetics of metarhodopsin interconversions. Kolesnikov, Golobokova, and Govardovskii (2003) observed fast reversible conversions between meta-I and meta-II, and also efficient mutual conversions between meta-II and meta-III, thus confirming Lamb's (1981) original suggestion. Finally Kolesnikov et al. pointed to an approximate agreement between metarhodopsin decay and the decreasing rates of DPNEs observed by Leibrock, Reuter, and Lamb (1994) .
Thus, at the end of the century, the basic features of the Lamb and Leibrock models seemed to be in good agreement with new data. However, the electrophysiological evidence was obtained with small bleaches of a few percent at most, while many of the original dark adaptation studies dealt with bleaches removing most of the rhodopsin.
The canonical visual cycle of rod pigments
The Lamb and Leibrock models were based mainly on electrophysiological work, but during the same period several groups carried out extensive biochemical and cell biology investigations with the intention to throw light on the retinoid visual cycle, and its relation to dark adaptation. Some of the main results can be summarized as follows:
The canonical visual cycle for vertebrate rod pigments involves transport of all-trans retinol from ROSs to the pigment epithelium, where all-trans retinol is enzymatically processed to 11-cis-retinal (reviewed by McBee et al. (2001) ). The all-trans retinol arriving in the pigment epithelium is first esterified; the resulting all-trans retinyl ester is then converted to 11-cis retinol by an isomerizing enzyme (Bernstein, Law, & Rando, 1987) now known as RPE65. The 11-cis retinol is then enzymatically oxidized to 11-cis retinal. Lai et al. (1982) described a soluble interphotoreceptor retinoid binding protein (IRBP) in the narrow compartment that separates the neural retina and the pigment epithelium, and suggested that this protein supports the movement of all-trans retinol from the rods to the pigment epithelium (Kolesnikov et al., 2007; Pepperberg et al., 1993; Qtaishat, Wiggert, & Pepperberg, 2005) , and of 11-cis retinal from the pigment epithelium to the rods (Carlson & Bok, 1992; Okajima et al., 1990) . Thus this protein plays a direct role in rod dark adaptation. As a further recent piece of information, we can note that the crystal structure of an enzyme converting all-trans retinyl ester to 11-cis retinol has been determined (Kiser et al., 2009) .
Spectrophotometric metarhodopsin monitoring does not, of course, tell the full story about the removal of photoproducts. Especially after massive bleaches, the chromophoric sites are not ready for accepting 11-cis retinal until the accumulated all-trans retinal is reduced to all-trans retinol, and most of the retinol has Leibrock, Reuter, and Lamb (1994, Fig. 1 ).
left the rod outer segments. Miyagishima, Cornwall, and Sampath (2009) have investigated the slow visual cycle in the large rods of larval tiger salamanders. One factor affecting the rate of recovery, i.e. the salamander dark adaptation, seems to be a dramatic difference between the two ends of the outer segment. The coenzyme (NADPH) is produced in the inner segment and only slowly diffuses toward the distal end of the rod outer segment (ROS). The NADPH is partly consumed during the diffusion, and thus the recovery of sensitivity is much slower in the tip region (Miyagishima, Cornwall, & Sampath, 2009) . Using a number of different techniques, electrophysiology, microspectrophotometry, biochemistry and ''dynamic histology'' (microfluorometric measurements), Cornwall and his coworkers have extensively analyzed the metabolic constraints on the visual cycle, i.e. the recovery of sensitivity after visual pigment bleaching (Ala-Laurila et al., 2006; Kolesnikov et al., 2007) .
New century and new vistas
Around the turn of the century we saw several changes in the focus of retinal physiology. Some important insights resulted from skillful use of classical chemical techniques. One striking example was the mapping of the crystal structure of bovine rhodopsin at a resolution of 2.8 Å (Palczewski et al., 2000) . New vistas were opened up by exploiting the recently determined mammalian genome, and by using the techniques for genetic manipulation now being available. One example relevant for our understanding of the difference between rods and cones, and of rod and cone dark adaptation, is the investigation by Fu et al. (2008) comparing the intrinsic noise, i.e. the DPNE frequencies, in mammalian rods and cones. By expressing human red cone visual pigment transgenically in mouse rods (which show electrophysiologically measurable DPNEs) they could measure the noise produced by a human cone pigment. They found that it is higher than the noise frequency of primate rods, but much lower than most previous estimations of cone noise. The conclusion was that in primates, having relatively insensitive cone systems, the noise derived from cone DPNEs is low enough to have hardly any adaptational influence on cone sensitivity. And finally, partly thanks to methodological improvements developed by Frishman, Reddy, and Robson (1996) , and Robson and Frishman (1999) , we could witness a renaissance for the use of electroretinography for attacking adaptation problems.
Mechanisms behind human dark adaptation
In 1999 Thomas and Lamb presented an ambitious project with the goal of analyzing the physiological basis of the human rodbased dark adaptation, following wide ranges of light exposures, bleaching 8-99% of the rhodopsin. While Rushton and colleagues used reflection densitometry for measuring rhodopsin regeneration, and Rushton (1965a, 1965b) psychophysics for monitoring threshold changes, Thomas and Lamb (1999) recorded the a-wave of the human electroretinogram. Referring to the successful ERG-recordings of Fulton and Rushton (1978) and Frishman, Reddy, and Robson (1996) , they pointed out that recording ERG-responses is the only feasible approach for studying human photoreceptors. The ultimate aim of their work was to develop an ERG-based criterion being directly ''translatable'' to psychophysically measured thresholds, and vice versa. The link connecting ERGs to psychophysics was the concept of an equivalent background of real light (Crawford, 1947) ; both ERG responses and psychophysical thresholds are desensitized by backgrounds of true light, which then can be used as a common reference through which psychophysics and physiology can be quantitatively related.
The connection between ERG responses and rod physiology, was based on the observation that the leading edge of the a-wave of the human ERG provides an accurate measure of the massed circulating current of the photoreceptors (Hood & Birch, 1993) . Thus Thomas and Lamb, applying corneal electrodes and full-field light stimulation, analyzed the rising phase of the ERG a-wave. The rod component of the ERG was isolated by using blue (450 nm) stimulus light and by first recording responses to photopically matched blue and far red flash stimuli and subsequently subtracting the cone component produced by red stimuli from the mixed rod + cone responses elicited by blue flashes. Analyzing the rising phase of the flash responses, the authors determined two parameters, maximum size of the a-wave (a max ) and the amplification constant (A) of transduction within the rods.
The most useful data were provided by the maximum a-wave which was plotted as a function of post-bleach time. The recoveries of normalized (a max ), following a range of light exposures bleaching 8-99%, are plotted in Fig. 8 . For bleaches of 47%, 91%, and 99% the recoveries follow S-shaped curves which start with several minutes of complete suppression, then rise and cross a well defined 50% level of recovery, and at last gradually approach the dark-adapted level. Following a full 99% bleach, the responses reached half-maximal recovery at 13-17 min and reached the dark-adapted level about 30 min after the bleach. The displacements of the S-shaped curves in Fig. 8 were reproducible (similar curves obtained with three subjects), and complete a max recordings were obtained from two subjects for whom psychophysical light adaptation results were also available. Thus a ''Crawford transformation'' could be made and the data points be converted to equivalent background intensity, making a comparison with psychophysically measured human dark-adaptation data possible.
As a supplement to the above rod adaptation work by Thomas and Lamb, Mahroo and Lamb (2003) studied the recovery of the human cone-driven ERG with the intention of extracting information about cones. They summarized their results as follows; it is possible to measure the regeneration of cone pigments in the living human eye by means of electroretinography, and the kinetics of this regeneration are better described by a rate-limited time course (see below) than by the conventionally assumed exponential recovery with fixed time constant. The initial rate of recovery following a total bleach was ca. 50% of the total pigment per minute, in reasonably good agreement with the reflection densitometry data (from the human fovea) published by Rushton and Henry (1968) .
18. The human rod-driven dark adaptation: a modern synthesis Lamb and Pugh (2004, pp. 330-336) related the rod ERG data from Fig. 8 to a series of psychophysically determined dark adaptation curves, following nine light exposures estimated to bleach from 0.5% to 98% (Fig. 9) . These dark adaptations plotting log threshold as a function of time were analyzed in accordance with the theory of three partly overlapping components S1, S2 and S3 (Lamb, 1981) . Plotted in semi-logarithmic coordinates these components are depicted as straight lines. S1 is finished within 1 or 2 min; after the five largest bleaches S1 is, however, hidden by cone-mediated thresholds. In Fig. 9 S2 is marked by oblique straight lines covering periods lasting 5-18 min, depending on amount bleached, while component S3 is best seen after large bleaches and decays with a time constant being clearly larger than that of S2, with the result that in this series of experiments full recovery required about 50 min. Lamb and Pugh (2004) suggest that, up to bleaches of about 8%, the region covered by S2 reflects the exponential decay of a presumed photoproduct, in full agreement with their observation that for these small bleaches, the initial amplitude of S2 increases in direct proportion to the magnitude of the bleach (Fig. 9) . For these small bleaches we may assume that the threshold elevation is caused by a bleaching product which is ''removed'' according to first-order kinetics with a time constant of about 1.8 min. However, for the larger bleaches we observe a ''rate-limited'' behavior, as if a fixed length of time is needed to remove each ''bolus'' of bleached pigment (Lamb & Pugh, 2004, Fig. 7 ). In Fig. 9 this is seen as a regular horizontal shift of the oblique straight lines. Lamb and Pugh also assume that the recovery of the circulating current (Fig. 8) is related to S2, and finally they present a detailed discussion of how the results, which here are presented in Figs. 8 and 9 , may be united into a semi-quantitative model describing human dark adaptation. In Lamb and Pugh (2004, Fig. 9 ) they suggest that one and the same rate-limited kinetic process underlies rhodopsin regeneration, psychophysical dark adaptation, and rod photocurrent (a-wave) recovery.
Rate-limited reaction kinetics differ from the kinetics of simple unimolecular reactions (exponential first-order reactions) by being the result of a sequential chain containing a rate-limited step, sometimes a linear rate-limited step. Lamb and Pugh (2004) point out that the regeneration of the rod pigment rhodopsin probably is rate-limited by the delivery of 11-cis retinal from the pigment epithelium to opsin in the outer segments (see above, Carlson & Bok, 1992; Okajima et al., 1990 ). This conclusion is supported by evidence from the delayed dark adaptation observed in Oguchi disease, and is consistent with the observation that in frog, rabbit and cat, rhodopsin regeneration is linear up to about 70% of completion (frog: Peskin, 1942; Reuter, 1966; Zewi, 1939; rabbit: Rushton et al., 1955; cat: Bonds & MacLeod, 1974; Ripps, Mehaffey, & Siegel, 1981) . The hypothesis of a linear rate-limited ''transport'' of 11-cis retinal, from the pigment epithelium to the ROSs, has earlier been presented as an explanation of the linear phase of rhodopsin regeneration (Reuter, 1964 (Reuter, , pp. 1119 (Reuter, -1120 Reuter, 1966, p. 32) .
Cellular mechanisms of sensitivity regulation
The model of Lamb and Pugh (2004) is a synthesis based on recordings of human ERG responses, psychophysical threshold data following small and extensive bleaches, and published regeneration data. They assume that their dominating dark adaptation component S2 is related to the decay of a presumed photoproduct. Their model does not, however, explore the biochemical mechanisms by which this bleaching intermediate may regulate rod sensitivity. In this respect their work is supplemented by the biochemical and cell biology studies of Cornwall and Fain (1994) , Jones (1995) , Jones, Cornwall, and Fain (1996) and Fain et al. (2001) . These authors based their work on suction pipette recordings from isolated salamander (Ambystoma tigrinum) rods. Cornwall and Fain (1994) compared the effects of background light and bleaching on the phototransduction cascade. They found that both a continuous background, and the after-effect following a bleaching exposure, accelerate phosphodiesterase (PDE) and guanylyl cyclase velocities, with the result that both treatments produce sustained activation of the phototransduction cascade. Before measuring photo-responses, they waited 45-60 min to allow metarhodopsin to decay. Thus the bleaches resulted in ''naked opsin''. Cornwall and Fain concluded that the effectiveness of a single photoactivated rhodopsin molecule (in activating transduction) corresponds to that of millions of bleached molecules. Qualitatively the effects are similar, however. They also tested the effects of Li + solution and the drug IBMX, treatments supposed to block guanylyl cyclase. Following the same strategy, Jones, Cornwall, and Fain (1996) tested the equivalence of background and bleaching desensitization. In testing the effect of bleaches, they distinguished between the simple loss of quantum catch, and an extra desensitization produced by an equivalent background, whose intensity is proportional to the amount of bleached pigment. They assumed that this equivalent background adapts like a real background light. They tested a model based on these assumptions, by measuring the sensitivity of single rods as a function of background intensity and bleaching desensitization, and found a reasonable agreement between the model and recorded sensitivities. The A. tigrinum results of Jones, Cornwall, and Fain (1996) are similar to the intracellular rod recordings of Grabowski, Pinto, and Pak (1972) using A. mexicanum retinas. Jones et al. found that a bleach of 45% of the rod visual pigment resulted in a final and stable threshold 1.1 log units above the fully dark-adapted threshold while Grabowski et al. noted that a 45% bleach led to 30 min dark adaptation which stabilized 1.5 log units above dark-adapted level (see above, ''Section 8'').
Two realms of dark adaptation
Around the turn of the century many new observations made it necessary to clarify to what degree two basic processes of rod dark adaptation, the turn off of the phototransduction cascade, and photoproduct decay, have their counterparts in cone vision. The most important steps in photoproduct inactivation (quenching) occur by phosphorylation and arrestin-binding (Burns & Baylor, 2001; Lamb & Pugh, 2004) . Relying on this information, Firsov et al. (2005) could propose a kinetic scheme describing a multi-step quenching of the rod transduction cascade, and its relation to known phases of scotopic dark adaptation. This formed a base for a corresponding study of cone adaptation (see below).
In their study of rod dark adaptation, Firsov et al. (2005) recorded flash-responses of single frog rods in suction pipettes, and determined the period of time that the rods stayed in saturation following light flashes that produced increasing numbers of activated rhodopsin molecules. Using a method introduced by Pepperberg et al. (1992) , Firsov et al. quantitatively analyzed the dependence of the saturation period (t sat ) on the logarithm of flash strength to obtain a measure of the quench kinetics of flash-generated cGMP phosphodiesterase activity (Fig. 10) . At the lowest flash intensity, activating about 200 molecules per rod, the response was barely saturated. For flash intensities that increased in 1 log unit steps, the time spent in saturation increased in a regular way, up to about 50 s in saturation with a flash activating 6.2 Â 10 6 rhodopsin molecules. However, when the flash intensity increased to 1.9 Â 10 7 activated molecules, i.e. about 1% of the total rhodopsin content, the rod stayed in saturation for about 250 s. Thus, when advancing from photoactivating 0.1% (1.9 Â 10 6 molecules) to 1%, the authors observed a new ''realm of dark adaptation''. One could also say a ''new realm of bleaches'' which radically blinded the rods for many minutes, and which called for new types of restoring processes. The ''regular range'' from two hundred to two million activated rhodopsin molecules is also worth attention; within this huge range the rods return from saturation to full activity within 1-2 min (Firsov et al., 2005) (Fig. 10) . The authors describe their analysis as follows: ''A simple mathematical description of the process of turn-off of the phototransduction cascade allows attributing different phases of the recovery to specific products of rhodopsin photolysis'', and ''The transition between the two phases is determined by the degree of rhodopsin bleaching and is rather sharp. This justifies opposing dark adaptation to the reversal of light adaptation''.
In a subsequent paper by Firsov, Golobokova, and Govardovskii (2007) the authors used a similar approach for testing the recovery of responsiveness of cones following saturating flashes of increasing intensities. The model used for rods was successfully applied to green-sensitive goldfish cones; basing their analysis on this model, the authors note that the two phases of cone quenching are more than tenfold faster than rod quenching, and that the residual activity of cone photoproducts that underlie the slow recovery phase seems to be two orders of magnitude higher than the corresponding transducin-activating effect of rod photoproducts.
Thermal decay of cone and rod photoproducts
In order to efficiently study cone photoproducts, Govardovskii developed a fast-scanning dichroic microspectrophotometer, capable of recording, within 1 s, complete spectra from 340 to 700 nm at two polarizations (Govardovskii & Zueva, 2000; . Using this instrument Golobokova and Govardovskii (2006) have characterized the visual pigments and bleaching products of goldfish cones, measured the kinetics of the decay of their photoproducts, and compared them to the corresponding pigments and decays in the rods of goldfish and frog. The results show that the rate of metarhodopsin decay increases in the same order as the rates of dark adaptation, from the slow goldfish rods, to the slightly faster frog rods, and the much faster cone-like green rods of the frog, and finally the green-and red-sensitive goldfish cones (Fig. 11) . To give just one example; the ''metapigment'' of the green-sensitive goldfish cone pigment, which is spectrally close to rod porphyropsin, decays ca. 60-fold faster than rod metaporphyropsin.
The molecular basis of the order of magnitude difference in the decay rates of rod and cone metarhodopsins has been elucidated in a number of important studies carried out by Shichida and his colleagues (Imai et al., 1995; Kuwayama et al., 2005) . They used solutions of purified visual pigments, and noted, for instance, a 700-fold difference in the decay rates of chicken rhodopsin meta-III and the meta-III of the spectrally similar chicken green-sensitive cone. The faster decay in chicken cone meta-III can be converted to the slower one in chicken rod meta-III by replacing just two amino acid residues (Kuwayama et al., 2005) .
The goldfish (Carassius auratus) is a close relative to the Crucian carp Carassius carassius, and thus it is fairly safe to use Crucian carp data in parallel with goldfish results. Monitoring scotopic ganglion cell thresholds, and rod photoproduct changes, one can observe parallel sensitivity increases and metarhodopsin decays, following 2.5% bleaches. And, in addition one notes that the rate constants of both processes are significantly higher in frogs (R. temporaria) than in Crucian carp (Kai Otto Donner, 1973) . It is also evident that, in the frog, both pigment regeneration and sensitivity recovery are much faster in the cones and the cone-like green rods than in rhodopsin rods (Kai Otto Donner & Reuter, 1962 Hood, Hock, & Grover, 1973) .
The above observations suggest, not surprisingly, that cone dark adaptation resembles rod dark adaptation by being coupled to photoproduct decay and regeneration of new visual pigment. Thus, both the quenching of the phototransduction cascade, and the rates of dark adaptation and metarhodopsin decay indicate that cone dark adaptation, although much faster than rod adaptation, is based on similar mechanisms. However, a closer look at cone adaptation to steady illumination, and at the retinoid cycles of rods and cones, reveal clear qualitative differences.
Cone-specific mechanisms
Sensory adaptation is needed when there is a mismatch of the capacity of a sensory organ with the outside physical situation. Most of the above experiments investigating the dark adaptation of rod systems have started by creating a dramatic mismatch, for instance by first exposing the eye to a very intense illumination which is then suddenly turned off.
In rods, the mismatch persists for long times, offering a situation convenient for experimental study. This strategy may be less adequate when we try to understand cone vision, one reason being that cones operate in a photopic world where sudden darkness does not occur. Cone adaptation is a question about adequate responses of light-adapted retinas to increasing and decreasing background intensity, and the adjustments are fast. For vision in bright daylight performance is not limited by lack of photons, which is a new situation for a vision scientist who has spent half a lifetime in dark rooms measuring rod-driven responses to a few photons.
It is often more informative to study cones under steady or varying mean illumination. Vision in sunlight calls for radical specializations not less complex than those needed for seeing at midnight, and the regulation of sensitivity and time scale in cones depends in a complex manner on several different molecular mechanisms (Detwiler & Gray-Keller, 1996) . In electrophysiological experiments, this becomes evident as several distinct domains of light-adaptation. Donner and his colleagues have studied the functional difference between the scotopic and photopic vision in the frog retina by relating changes in sensitivity and time scale of rod and cone photoreceptors and ganglion cells (driven by rods and cones) as function of background intensity (Kristian Donner, Hemilä, & Koskelainen, 1998; Kristian Donner et al., 1995) . They measured ganglion cell thresholds and ERG intensity-response functions, and found that rod-driven ganglion cell functions are broadly consistent with the skate results obtained by Dowling and Ripps (1977, Figs. 10 and 11) .
By contrast, in photopic vision, most sensitivity regulation occurred in the cone photoreceptors, with a much lesser role for ''proximal'' adaptation. Moreover, the increment-threshold functions of cones revealed at least five different phases of adaptation (Kristian Donner, Hemilä, & Koskelainen, 1998) . Very weak backgrounds mainly caused response acceleration, sometimes associated with paradoxical response growth (see below). At the very highest background intensities, cones as opposed to rods did not saturate but operated well with just a few percent of their visual pigment remaining, in full agreement with earlier data for rhesus monkey and turtle cones (Burkhardt, 1994; Valeton & van Norren, 1983) . Reduction in the quantity of visual pigments, and lack of accumulated photoproducts, may protect cones from saturation (Kenkre et al., 2005) .
Applying the experimental paradigm of Thomas and Lamb (1999) , studying the return of the circulating current of rod photoreceptors (Fig. 8) , Kenkre et al. (2005) investigated the recovery of the cone circulating current in man. The difference between the rod-and cone-driven recoveries turned out to be dramatic. While a full recovery following a large bleach takes at least 20 min for the rod system, the corresponding recovery for the cones is finished within about 100 ms. Thus the authors report that their most important finding is that the human cone circulating current recovers extremely rapidly upon extinction of a very bright steady illumination, intense enough to result in a steady bleach of almost 90% of the cone pigment. ''Steady illumination'' is here a key condition; a sudden onset of a step of light illuminating previously dark-adapted cones results in greatly reduced cone currents and a slower recovery (Schnapf et al., 1990) . However, to what degree this is a result of photoproducts is not so clear (Schnapf et al., 1990) .
Many retinoid binding studies have postulated that cones have access to a pool of 11-cis retinal which is not dependent upon replenishment from the pigment epithelium. This is inferred from the high rate of pigment regeneration in the fovea (Rushton & Henry, 1968) , and from the observation of efficient recovery of frog cones in bleached retinas isolated from the pigment epithelium (Goldstein, 1970; . Equally efficient recovery of red rods in isolated and bleached retinas is not observed (Hood, Hock, & Grover, 1973) . Goldstein and Wolf (1973) who measured spectral sensitivities based on early receptor potential (e.r.p.) responses inferred that the visual pigment of the cone-like blue-sensitive green rods regenerates in an isolated frog retina. However, new data indicate that Goldstein and Wolf probably measured e.r.p. responses originating from the small blue-sensitive cones of the frog retina. They have a spectral sensitivity very similar to that of the green rods (Hisatomi et al., 1998 (Hisatomi et al., , 1999 ; Koskelainen, Hemilä, Fig. 11 . Comparison of time courses of metapigment decay of rod and cone visual pigments in situ. Data on goldfish rods and cones are from Golobokova and Govardovskii (2006) ; on the cone-like pigment of frog green rods from Golobokova, Kolesnikov, and Govardovskii (2003) ; and on frog (rod) rhodopsin, from Kolesnikov, Golobokova, and Govardovskii (2003) . Reproduced from Golobokova and Govardovskii (2006, Fig. 7) . & Kristian Donner, 1994) , and the visual pigment of the green rods does not regenerate in an isolated frog retina separated from the pigment epithelium (Victor Govardovskii, personal communication).
More direct evidence for a cone-specific retinoid cycle independent of the pigment epithelium comes from the studies of Das et al. (1992) and Mata et al. (2002) . Das and colleagues have described several cone-specific mechanisms in the retinoid cycle of the chicken neural retina, and discovered that cultured Müller cells can take up all-trans retinol, esterify it and convert it into 11-cis retinol. Furthermore, Mata and colleagues have shown that the retinas of diurnal and cone-dominated animals like chickens and ground squirrels contain an 11-cis-specific retinol dehydrogenase, and have access to an isomerase enzyme that catalyzes direct interconversions of all-trans retinol to 11-cis retinol. They also stress that cone-specific enzymatic mechanisms in the neural retina provide for a fast pigment regeneration protected from chromophore competition with rods. Wang and Kefalov (2009) summarize the main results presented in the above studies, and also describe their own studies showing that a mouse retina, isolated from the pigment epithelium, is able to efficiently promote cone (but not rod) pigment regeneration and dark adaptation. They also describe recordings from single mouse rods and cones; a single cone recovers almost full sensitivity after a bleach removing most of the visual pigment, while rods do not. Thus, although the metarhodopsin decay and the turn-off of the phototransduction cascade are qualitatively similar in rods and cones, the retinoid cycles that provide 11-cis retinal to the opsin in these two types of photoreceptor seem to differ substantially. This is true not only for chicken and ground squirrels but also for mice and humans (Wang & Kefalov, 2009 ). The 11-cis retinoid that returns to the cones is thought to be 11-cis retinol, with oxidation to 11-cis retinal proceeding within the cones (Mata et al., 2005; Parker et al., 2011) .
Several studies of cone-driven mammalian ERGs have noted that turning on a background light can produce steadily growing responses (Dunn, Lankheet, & Rieke, 2007; Gouras & McKay, 1989) . Nymark and Heikkinen working in the laboratory of Koskelainen have addressed this paradoxical phenomenon by an approach suited for illuminating the role of rod-cone interactions. Cone flash responses were recorded by ERG from intact, isolated mouse retina at a brief delay after a rod-saturating pre-flash, under increasing intensities of steady adapting backgrounds (Heikkinen, Nymark, & Koskelainen, 2008; Heikkinen et al., 2009 ). The cone responses increased in amplitude in a graded manner with increasing backgrounds of low to moderate intensities, but no longer at high background intensities. The authors suggest that the saturated rod response to the pre-flash may decrease the amplitude of the cone response to a subsequent flash through electronic rod-cone coupling, and that this interaction is weakened with increasing background intensity. Kefalov, Crouch, and Cornwall (2001) have published striking new results and some quite unorthodox ideas concerning the different rates of pigment regeneration in rods and cones. Using suction pipette electrodes, they recorded flash responses from single dark-adapted salamander (A. tigrinum) rods. First they recorded some saturating flash responses, and then exposed the rod to a 20% bleach. After allowing sufficient time for the decay of the photoproducts to ''naked opsin'', they noted that the dark current had stabilized at a reduced level of À30 pA (dark-adapted value À45 pA). Next they added 11-cis retinal in lipid vesicles, and observed, instead of the expected immediate recovery, a sudden additional response reduction, followed by a gradual recovery. This unexpected transient response reduction was observed only in rods and not in cones. Additional experiments showed that in rods 11-cis retinal produces a transient activation of the phototransduction cascade by increasing the activity of phosphodiesterase and guanylyl cyclase. It is thus obvious that regeneration from 11-cis retinal added to bleached rods gives rise to transient excitation-like responses. The same phenomenon has been noted in similar current recordings (also using salamander rods), but this time after more radical bleaches; addition of 11-cis retinal to pigment-depleted rods resulted in a sudden decrease in dark current that preceded complete recovery .
It is possible that such excitatory effects stemming from reactions between individual molecules of opsin and retinal may give rise to transient excitation-like responses; and, as the apparent activation events would fluctuate, this would generate noise in the rods (see above, Kai Otto to in Section 5). Kefalov and his colleagues suggest that the desensitizing effect of 11-cis retinal could result from a non-covalent binding of 11-cis retinal to an extra retinoid site on the opsin molecule where it could contribute to transducin activation. They also showed that following a bleach, rod recovery, as opposed to cone recovery, is slowed down by 11-cis retinal, and suggest that this difference partly might explain the faster dark adaptation of cones. This interesting hypothesis does not change the fact that in opsin extracts, where no phototransduction occurs, cone opsin (of chicken long-wavelength-sensitive cones and frog ''green rods'') binds 11-cis retinal 500 respectively 100 times faster than rod opsin (Makino-Tasaka & Suzuki, 1984; Wald, Brown, & Smith, 1955) , i.e. the efficient binding of 11-cis retinal is probably the main mechanism behind the efficient cone recovery.
Open questions
Biochemical studies have described steps of phosphorylation, arrestin-binding, etc., while spectral techniques have been used for following the sequence of photoproducts in intact retinas. Much remains to be done for combining data from these two approaches, and thereby improving our understanding of the connection between photoproducts and dark adaptation.
According to a widely accepted idea, rhodopsin photoproducts delay dark adaptation by giving rise to a prolonged stimulation of transducin (Cornwall & Fain, 1994; Leibrock, Reuter, & Lamb, 1994 . It is not so clear, however, which these photoproducts are. As described in this review, the evidence for a desensitizing effect of metarhodopsin II, and possibly also meta-III (Sommer & Farrens, 2006; Zimmermann et al., 2004) , following modest bleaches is strong, and the final and stable photoproduct, ''naked opsin'', seems to be important at least in skates (Pepperberg et al., 1978) , and salamanders (Cornwall & Fain, 1994) , and a role of mammalian opsin is generally assumed (Rushton, 1965c) . However, Engbretson and Witkovsky (1978, p. 815 ) studying opsin effects in larval Xenopus eyecups noted that ''free opsin per se had no desensitizing effect on the photoreceptor''. Kai Otto Reuter (1965, 1967) recording ganglion cell thresholds in frog eyecups observed only a small sensitivity recovery during a period of fast rhodopsin regeneration from ''free opsin'' and retinal. Thus there may be species differences and/or differences between isolated retinas and intact eyecups, and finally, as ''free opsin'' is not chemically defined, there may be molecular reasons for different outcomes of the experiments.
Rod outer segments represent an extreme milieu with an enormous concentration of visual pigment and little machinery for cellular metabolism. The amount of rhodopsin exceeds that of the next abundant macromolecule -which is arrestin -by a factor of approximately 10 (Lamb and Pugh Jr., 2004, p. 316) . Thus the strong rhodopsin bleachings used in dark adaptation research expose the retina to an extreme situation seldom encountered in nature. Following a 99% bleach about 9/10 of the photoproducts will apparently stay without arrestin-capping. This might be related to the observation that several aspects of dark adaptation are different after massive and modest bleaches; after bleaching 10% or less, but not after extensive bleachings, the kinetics of both threshold recovery and metarhodopsin decay follow similar courses (Kai Otto Donner & Hemilä, 1979; Grabowski & Pak, 1975) . The reason for this difference between modest and extensive rhodopsin removal is poorly understood.
For bleaches up to about 8% the recovery of the human ERG awave, and the S2 component of dark adaptation, increase in direct proportion to the amount bleached, but not so for larger bleaches, where a rate-limited recovery of component S2 takes over (Lamb and Pugh Jr., 2004, pp. 330-335) . In contrast to the semi-fast and relatively well understood component S2 of human dark adaptation, the mechanism behind the remaining adaptation component, S3, is unknown. This component is best seen following large bleaches. At 18 min after the beginning of adaptation, following the two largest bleaches in Fig. 9 (86% and 98%) , the thresholds are still 1.5 log units (30 times) above the final threshold, although more than 95% of the rhodopsin is regenerated (Rushton, 1961b) . Lamb and Pugh (2004, p. 353) assume that, at that stage, all metarhodopsin is decomposed, but that the threshold elevation in spite of that is produced by an activation of a phototransduction mechanism. They ''suggest that the activation might be produced by residual activity of phosphorylated rhodopsin, in which case the decay of component S3 would monitor the removal of phosphate groups from newly regenerated rhodopsin''. Navid, Nicholas, and Hamer (2006) have presented an alternative model for a delayed recovery, based on molecular structures suggesting that opsin possesses two non-covalent retinoid binding sites, one ''entrance'' and one ''exit'' site (Schädel et al., 2003) . The Navid et al. model suggests that all-trans retinal bound to the exit site may inhibit the binding of 11-cis retinal to opsin, and thus carry out an end-product regulation of the rate of regeneration. That might produce a delayed threshold elevation.
Conclusion
The technical advances in visual sciences have been breathtaking during the period 1961-2011 (Westheimer, 2011) . Our understanding of light/dark adaptation has possibly not underwent an equally dramatic development, and some of the questions from 50 years back are still not properly answered. However, we have learned that bleaching products, i.e. metarhodopsins and ''naked opsin'', have double roles; firstly, a short-lived form of metarhodopsin II produces photoreceptor responses by initiating an enzymatic excitation cascade which in turn results in an electrical polarization of the visual cell; secondly, partly inactivated metarhodopsins and ''naked opsin'' continuously and weakly stimulate the same excitation cascade, and through that, negative feedback loops desensitizing the photoreceptor. The dark adaptation following an intense illumination removing a significant fraction of the visual pigment is partly a result of metarhodopsin decay, and partly of photopigment regeneration from ''naked opsin'' and 11-cis retinal.
